The syntheses of the first molecular meta-selenidomercurate(II), ortho-telluridothallate(III) and a hydrate of an ortho-selenidoplubate(IV) are presented alongside an improved and facile synthesis of the selenidobismuthate(III) with almost quantitative yields. By means of quantum chemical calculations, the energetics of the interconversions of small metalate anions is discussed and the existence of the heaviest homo- 
Introduction
Chalcogenides of the heavy metals possess intriguing optoelectronic 1 and thermo-electric 2 properties and have therefore been used in numerous applications. 3 Those properties can be fine-tuned and adjusted via dimensional reduction, 4 the choice of elemental combination, 5 or further incorporation of additional metal species towards multinary compounds. 6 Conventional solid state syntheses, solvothermal reaction pathways and solution-based methods have been shown to facilitate the generation of a large variety of such compounds, including chalcogenidometalate salts.
7
Whereas the class of oxidometalates has extensively been studied -regarding both their fundamental properties and their potential applications -only a few reports have been dealing with the elemental combination of atoms of the heaviest metals with heavier chalcogen ligands. Here, we will concentrate on salts of the smallest of the heaviest chalcogenidometalate anions, hence with the general formulae [M x Ch y ] z− (M = Hg, Tl, Pb, Bi; x = 1 or 2; Ch = Se or Te, y = 15 Based on a broad experience in chalcogenidogermanate and chalcogenidostannate chemistry, 16 we are currently about to extend the investigations on the heaviest tetrel congener as well as related anions of the neighbouring heavy metal elements. For this, we are addressing the synthesis of new small and soluble metalate anions, besides the exploration of their physical properties as well as their reactivity in solution or under solvothermal conditions. During the course of our investigations, we were able to synthesize a number of according compounds comprising new such anions with unprecedented elemental combinations, and were thus interested in general tendencies of the energetics of such species and their hypothetical interconversion. Here we report about our findings for the first time.
Experimental and computational details

General remarks and synthesis details
All manipulations and reactions were performed in an argon atmosphere using standard Schlenk or glovebox techniques under strict exclusion of air and external moisture. Multinary solid mixtures of the nominal parent composition "A m A′ n M o M′ p Ch q " (A, K; A′ = Na; M = Hg, Tl, Bi; M′ = Pb; Ch = Se, Te) were prepared by fusion of the elements and K 2 Ch, unless stated otherwise, with an oxygen/methane burner for at least 15 min until homogeneity was achieved. The m : n : o : p : q ratios, which are specified in the Discussion section, are those that actually produced the named products, usually after testing a variety of different ratios. If necessary, metallic byproducts were manually removed. The multinary product was pestled and further worked-up as described below. Solvents ethane-1,2-diamine (en), N,N-dimethylformamide (DMF) and pyridine were freshly distilled from CaH 2 , H 2 O was degassed at least three times to a final pressure of p < 10 −5 mbar and successively saturated with argon atmosphere. K 2 Ch was synthesized from the elements in liquid NH 3 . Metal salts were evacuated to p < 10 −3 mbar for at least 8 h unless otherwise noted.
In the case of solvothermal reaction conditions, the reactants and 2 mL of a chosen solvent were placed in a glass vial within a Teflon inlay which was then placed in a stainless steel autoclave. The autoclave has been tightly closed and heated to 150°C (Ch = Se) or to 130°C (Ch = Te) for 7 days and was allowed to slowly cool down to room temperature over 1 day. The products were hand-selected under a light microscope unless stated otherwise. The product mixture for the synthesis of thallate and plumbate compounds always contained amorphous (side-)products that were not further investigated, and K 2 Ch 2 and K 2 Ch 3 that were identified via single crystal diffraction. Consequently, the provision of yields is afflicted with high uncertainty. Energy dispersive X-ray spectroscopy was performed on all samples to verify the given heavy atom composition. All yields are given with respect to the heaviest element involved in the respective case.
Synthesis Synthesis of K 3 BiSe 3 (10). A phase of the nominal composition K 3 BiSe 3 was washed with en until no coloured contaminants were observable any more. 10 was obtained in up to 90% yield as orange microcrystalline powder. Crystals suitable for single crystal diffraction were obtained via recrystallization according to the solvothermal reaction protocol in 2 mL of en.
General computational details
All molecular electronic structure calculations were carried out with the TURBOMOLE program package V6.6. 17 
Results and discussion
Our primary objective was the synthesis and characterization of small and heavy chalcogenidometalate homologues of their lighter congeners, e.g. stannates or indates. 21 We therefore systematically investigated solvothermal reactions of phases of the nominal composition "A x M y Ch z " (A = alkali(ne earth) metal, M = Hg, Tl, Pb, Bi; Ch = Se, Te), in most cases with x : y : z such that the ratio corresponds with a charge balance for ortho-metalates (x: 1 : 4) or meta-metalates (x: 1 : 3). We started out with selenium as the chalcogen component, since according phases are generally thermally more stable and less sensitive. Upon identification of suitable reaction conditions for the selenium containing compounds, analogous reactions were attempted with tellurium phases. Due to the lower thermal stability of the latter, the reaction temperatures were then decrease by at least 20°C, and the amount of starting materials was increased by a factor of two or more due to higher solubility. The phases were then treated under solvothermal reaction conditions with diverse solvents, such as amines, alcohols, thiols and ethers. Until now, only the application of amines yielded products that were suitable for single crystal diffraction experiments, apart from the formation of a vast variety of single-crystalline polyselenides from other solvents. 22, 23 We also tested whether water, amines like NH 3 , 2,6-dimethylmorpholine (dmmp) or 4-(dimethylamino)pyridine (dmap), ammonium or phosphonium salts (NMe 4 Cl, NBu 4 Cl, PPh 4 Cl), or Brønstedt bases (AOH, A 2 CO 3 ) might serve as auxiliary reactants for enhanced hydrogen bonding, and/or to change the basicity. However, only addition of water, or (in reactions of thallium compounds) addition of Brønstedt bases led to the formation of crystalline products (see below).
Upon solvothermal treatment of phases that contained mercury as K x Hg y Se z (with all combinations of x = 2-6, y = 1-10, z = 1-12), we exclusively observed the formation of known compounds K 2 
The precipitation of K 2 SO 4 seems to be the driving force, leading to an almost quantitative yield. Furthermore, the reaction can be scaled-up to 25 g per batch, only restricted by the volume of the glass vial within the autoclave. Solvent water in 1 stem from the crystal water in HgSO 4 ·nH 2 O. The use of dried HgSO 4 (n = 0) results in the precipitation of a yellow amorphous powder, which can, however, be recrystallized in the presence of water to yield 1. The amount of crystal water in HgSO 4 ·nH 2 O varies with the time of storage from newly purchased (n ≈ 0.1) to years of storage under ambient conditions and use (n ≈ 2.7).
The synthesis of the homologous meta-telluridomercurate K 4 27 and amorphous side products are obtained along with 2. Intending to increase both yield and purity, we changed the reaction conditions to the use of a solid mixture containing sodium besides potassium. This way, we thought to allow for more flexibility in crystallization conditions according to various ionic radii. Further, we used DMF as solvent, as it is known that [Na(dmf ) 6 ] + cations are easily formed and well soluble. However, in the present case, not 2 or its sodium salt was formed, but the meta-telluridomercurate K 10 Na 2 [HgTe 3 ] 2 (HCO 2 ) 3 (3). 3 comprises a formiate moiety and Na + as well as K + counter ions. The formation of sodium formiate is often observed as a by-product due to decomposition of DMF under the given conditions; for this, the presence of the additional anion was not unexpected. With a solvothermal reactions starting from a phase of the nominal composition K 2 PbHgSe 2 and pyridine as solvent, we investigated whether we might access a mixture of metalate anions, either in a double salt or a salt of a ternary anion, or not. The latter turned out to be the case, as small amounts of K 2 [HgSe 2 ]·H 2 O (4) emerged from the experiment upon addition of 0.5 vol% of water to the reaction mixture. Complete absence of water, or other volume ratios than 995 : 5 led to no or lower yields.
For us, such hydrate compounds are particularly interesting for their apparent stability in water and thus the potential for subsequent reactions in aqueous media, which are, however, beyond the scope of this report.
The crystallization of the hydrate 4 inspired us to revisit the formation of heavy main-group ortho-chalcogenidometalates, which have either not been identified at all (Tl, Bi) or at extremely low yields (Pb) 11 Only when changing the chalcogen from selenium to tellurium, and increasing the water content within the en/H 2 O mixture to 3 vol%, the first known ortho-chalcogenidothallate(III) was obtained as {K 5 [TlTe 4 ]·2KOH} 3 ·10H 2 O (8). The high water content is apparently necessary for the formation and/or crystallization of 8; replacement with NH 3 , for instance, did not lead to crystalline products. However, at the same time the presence of water triggers the formation of polytellurides and large amounts of amorphous side products, hence, the product had to be hand-separated from the reaction mixture.
Application of similar reaction conditions, including a 95 : 5 en/H 2 O solvent mixture, to the generation of respective lead compounds resulted in the formation of a hydrate salt of the rare ortho-selenidoplumbate anion, K 4 
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This journal is © The Royal Society of Chemistry 2016 along the crystallographic a direction (see Fig. 6 and ESI †). anions that are embedded in and separated by a complex 3D {K⋯(OH)⋯K⋯(H 2 O)} n substructure (see Fig. 8 11 The presence of water instead of ammonia was unambiguously confirmed by structure solution and refinement using a very precise data set: the refinement of nitrogen atoms on the respective positions led to not positive-defined displacement parameters; furthermore, the two hydrogen atoms per water molecule were localized on the difference Fourier map and refined freely. Thus, 9 indeed represents the second known ortho-chalcogenidoplumbate(IV) salt (see Fig. 9 ). Bond lengths and angles are in good agreement with the reported structure parameters of the ammoniate.
Quantum chemical calculations
The compounds presented above served to fill some of the existing gaps in the spectrum of known mononuclear or dinuclear chalcogenidometalate anions of the heaviest metals (see Table 1 below). However, many combinations have still not been observed experimentally. We were thus interested, whether according, yet missing species are (a) local minima on the respective energy hypersurfaces, and whether they are (b) accessible via chemical reactions in principle. This might then allow for recommendations for future synthetic approaches: in the case of endoenergetic reactions, classical solid state reaction would more likely be successful, while in the case of an exoenergetic reaction, a reaction in solution should in principle be also possible or even preferred.
In a first step, we simultaneously optimized electronic and geometric structures of all mononuclear anions (meta and ortho type) and the pseudo-dimeric ones by means of DFT calculations, followed by the determination of second derivatives of the energy to verify the local minimum character of the shown anions on the energy hypersurface (non-minimum structures to be found in the ESI †). In a second step, we compared the energies of the respective anions and potential elimination products to calculate hypothetic reaction energies. The accuracy of the calculated structures are within the expected range, i.e., bond lengths by a maximum of 0.067 Å larger than experimentally found ones. Hence, the chosen method is reliable enough for investigation of reaction energies.
It should be noted that the energy values that result upon application of COSMO are afflicted with systematic errors. This is due to a mismatch of gradient and absolute energy convergence in all cases, and even more pronounced if the numbers and/or charges of educts and products differ. Still, the errors are comparably small compared to the errors that are made during calculations of anions without the use of COSMO. In the present case, the errors are identical or at least very similar for all calculations as all species are highly related, such that a discussion of relative energies is reasonable. Furthermore, for the calculations, we chose appropriate reactants to account for the named problems with the quantum chemical treatment of anions: by using H 2 hence differences either considering a solvent shell or a counterion environment may easily overcompensate it to an overall preference of the tetrahedral anion. An oxidative elimination of selenium to form the pyramidal [PbSe 3 ] 4− anion is considerably endoenergetic, apparently contradicting the experimental observation of the meta-telluridoplumbate(II), but in agreement with a synthesis starting out from a Pb(II) precursor and thus avoiding the disfavoured redox reaction step. Moreover, the distinct energetic preference of the ortho-selenidoplumbate(IV) over its dissociation or dechalcogenation is in line with its formation in and crystallization from solution, even as a hydrate like 9.
Bismuthates. For chalcogenidobismuthates, the list of experimentally observed anions is the smallest along the elemental combinations investigated in the current study. However, the list of hypothetical anions comprises four minima on the energy hypersurface (see Scheme 4) . Further minima on the energy hypersurface with intriguing electronic features are the neutral trigonal bipyramidal Bi 2 Ch 3 , which however rather exist as the extended solid state compounds paraguanajuatite 32 or tellurobismuthite, 33 
Conclusions
We presented the synthesis and structure of novel ortho-and meta-chalcogenidometalates of mercury, thallium and lead, including the first molecular meta-chalcogenidomercurate(II), the first ortho-chalcogenidothallate(III) and the second orthoselenidoplumbate(IV). The latter emerged for the first time and unexpectedly as its hydrate salt. In addition, we reported a new and facile synthetic pathway for the generation of the metaselenidobismuthate in almost quantitative yield. The existence of all those anions inspired quantum chemical investigations of structures and energetics of the diverse species with different elemental combinations. We discussed hypothetic reaction energies, which helped to rationalize the observations and to predict further species to be isolated in future work. Tables 1   and 2 summarize the experimental and theoretical findings for all smallest molecular chalcogenidometalate anions of the heaviest metals, including the new ones. 
